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The Valle de Bravo dam is an important source of drinking water supply for the

Mexico City Conurbation (>26 million inhabitants) and is also a hotspot for

nautical sports, recreational fishing, and tourism. However, anthropogenic

pressures in the upper reaches of the basin have led to increased

eutrophication and numerous harmful cyanobacterial blooms (HCBs). To

determine the effect of abiotic variables on the characteristics of the

phytoplanktonic community, as well as their influence on the diversity of

toxigenic cyanobacteria and related cyanotoxins, we evaluated monthly

variations in environmental factors, phytoplankton biovolume and

composition and total microcystins in Valle de Bravo dam during the year of

2019. Overall, 75 phytoplanktonic species were identified, mostly belonging to

the divisions Cyanobacteria, Chlorophyta, and Bacillariophyta. Cyanobacteria

presented the highest biomass throughout the year, with water temperature

and rainfall being the best correlated factors. The highest concentrations of

total microcystins were recorded from July to September (maximum of

71 μg L−1), associated with the dominance of species such as M. smithii, M.

aeruginosa, M. viridis M. flos-aquae, Aphanocapsa planctonica, and

Dolichospermum crassum, and environmental factors such as rainfall, total

dissolved solids, water temperature, and specific trace metals. In all months

except December, the total cyanobacterial biovolume was above the World

Health Organization alert level two, indicating potentially high risks to human

health. The predominance of cyanobacteria and high biovolumes classified

water quality as poor to very poor during most of the year. To avoid the

development of HCBs in this dam, the contribution of nutrients by the

tributary rivers and sewage must be controlled, since the poor-quality

conditions of the water threaten the aquatic biota, the sports and recreation

activities and affect the potable water supply.
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Introduction

Eutrophication in limnetic ecosystems has increased in

recent decades worldwide, threatening freshwater availability

for human consumption and food production. Different

human activities release waste streams, notably into

epicontinental water bodies. Aquatic pollution caused by

agrochemicals (fertilizer carryover and pesticides) and

domestic wastewater (with and without treatment) cause an

increase of mineral nutrients in the water. Of particular

concern are phosphorus (P) and nitrogen (N), which are

normally macronutrients limiting the growth of primary

producers (phytoplankton and macrophytes); surplus of N

and P increases the trophic state of aquatic ecosystems (Le

Moal et al., 2019). Seasonal successions and shifts in

phytoplankton communities have been well studied in inland

water systems, and can be associated with eutrophication, water

inflow and temperature, water stratification, (Lee et al., 2015),

and consumption by invasive species.

Seasonal changes in N and P can also promote the

development of harmful cyanobacterial blooms (HCBs)

(Fernández et al., 2015), which can result in cyanotoxin

production. Cyanotoxins are biologically active secondary

metabolites that have different modes of action (hepatotoxic,

neurotoxic, and cytotoxic) (Pineda-Mendoza et al., 2016; Buratti

FM et al., 2017) and can pose severe health risks to aquatic biota,

wildlife, cattle, and humans (Wood, 2016; Huisman et al., 2018;

Svirčev, Z. et al., 2019). Microcystins (MCs) are the

cyanobacterial toxins most frequently reported in freshwater

environments, being synthetized by some species of the genus

Microcystis, Nostoc, Dolichospermum, Planktothrix, and

Synechocystis (Pineda-Mendoza et al., 2016). More than

85 different MCs have been reported, with microcystin-LR the

most common (Pineda Mendoza et al., 2012). Human exposure

to microcystins can occur through dermal contact and accidental

ingestion during recreational and sport water activities, through

the consumption of contaminated food, and also from drinking

water containing cyanotoxins given that it is difficut to remove

these toxins in water purification plants, (Smith et al., 2015).

Exposure to cyanotoxins produce a wide range of symptoms

including abdominal pain, vomiting, diarrhea, nausea, dizziness,

muscle tremors and paralysis, fever, blurred vision, headache,

and skin irritation. A well-known case is the 2014 Toledo water

crisis (Ohio, United States) when an HCB in Lake Erie resulted in

exceedances of the World Health Organization provisional

guideline value for microcystins (1 μg L−1 in drinking water).

This led to the issuance of ‘Do not drink’ advisories and more

than 400,000 residents remained without access to potable tap

water for several days (Steffen et al., 2017). Another case ocurred

with the massive death of cattle exhibiting acute liver damage

after drinking water from a reservoir in which microcystin-LR

was detected at a concentration of 3 mg L−1 during a

cyanobacterial bloom in Oregon, United States (Dreher et al.,

2019). There is a critical need to understand the environmental

factors most related with blooms of toxigenic cyanobacteria and

other noxious phytoplankters, especially for those freshwater

ecosystems that provide a major source of drinking water

production.

The population of the Mexico City Conurbation

(Metropolitan Area of the Valley of Mexico—Zona

Metropolitana del Valle de México, ZMVM) has increased by

more than 1,000% since 1940 (Pradilla, 2016), with a current

population exceeding 26 million inhabitants (INEGI, 2020).

Drinking water supplies for this megalopolis are obtained

mainly from aquifers of the area. About 30% of the supply

originates from the so-called Sistema Cutzamala, a set of

seven reservoirs that includes the Valle de Bravo dam, which

supplies 13 municipalities in Mexico City and 14 municipalities

within the State of Mexico (CONAGUA andWorld Bank Group,

2015). Of the Sistema Cutzamala, the Valle de Bravo dam is the

one with the highest capacity supplying 6 m3 s−1 and contributing

40% of the raw water (Carnero-Bravo et al., 2015) that enters the

Los Berros Drinking Water Treatment Plant, from where it

supplies the ZMVM (Mota, 2011). In addition to drinking

water for human consumption, Valle de Bravo is an

important area for recreation, tourism, sports activities, and

commercial fishing.

The evolution of the trophic status of the Valle de Bravo

reservoir has been very rapid. In 1980 it was classified as

oligotrophic (Gaytán-Herrera et al., 2011), in 1987 as

mesotrophic, and by 1992 its status was already eutrophic

(Olvera, 1992). The main sources of nutrients in the reservoir

are point discharges and allochthonous compounds incorporated

mainly by the Amanalco River, which increased the

concentration of N and P by more than 203% and 276%,

respectively, in just a decade (Ramírez-Zierold et al., 2010).

The Valle de Bravo reservoir is of monomictic type, with a

marked seasonality for chlorophyll concentration; the highest

primary productivity values were reported in the stratification

season (Merino-Ibarra et al., 2008). The P and N budgets was

extensively studied in VB dam by Ramírez-Zierold et al. (2010),

measuring DO and ORP each 4 weeks from January 2002 to

August 2005 in 17 sampling stations; they determined the

loadings of 120.8 × 103 and 591.8 × 103 kg y−1 of P and N,

respectively, condition that were deemed responsible of the

accelerated change in the trophic status of this artificial lake.

Eutrophic condition in limnetic waterbodies is related with a

high primary production, as observed in Valle de Bravo dam
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throughout the year; this condition differs notably from the

seasonal blooms normally recorded in temperate lakes. The

presence of permanent blooms does not necessarily indicate

that toxigenic cyanobacteria are dominating in this dam, and

it is possible that cyanotoxins synthesis and release can vary

along the year, influenced by the environmental conditions and

the phytoplankton dynamics.

In the present study, a monthly sampling was carried out for

a full year at six different locations in the Valle de Bravo reservoir.

This allowed us to determine the phytoplankton composition

and biovolume, and their relationship with the physicochemical

conditions in water and the environmental conditions. The

development of toxigenic cyanobacteria and the synthesis and

release of cyanotoxins were also monitored along the year.

Though the phytoplankton community of the Valle de Bravo

reservoir has been previously studied, it was performed monthly

but in only one sampling station (Gaytán-Herrera et al., 2011),

and monthly in five sampling stations almost two decades ago

(Valeriano-Riveros et al., 2014), but none of these studies looked

at the cyanotoxin concentrations and only one study reports

phytoplankton biovolume. This is the first study to report on the

relationship between specific richness and ecological diversity of

phytoplankton that relates to the frequency and dominance of

toxigenic cyanobacteria in this area throughout the year. The

determination of water quality based on the different

phytoplankton groups and biovolume is also a new

contribution. The aim of this study was to determine how

changes in the phytoplankton community may drive the

cyanobacteria dominance, affect the variations in total

microcystin concentrations, explore the effects in water quality

based on the phytoplankton species and their relative biovolume.

This information is crucial to determine the influence of

environmental factors and water quality that shape the

composition of the phytoplankton community and determine

the variations of toxin-producing cyanobacteria.

Materials and methods

Study site description

The Valle de Bravo reservoir (Figure 1) is located in the

eponymous municipality, in the State of Mexico (19°21′30″N,

100°11′00″W). The climate is temperate sub-humid and semi-

warm, with an average annual temperature greater than 18°C

(Olvera, 1992) and average annual rainfall of 836 mm with a

rainy season ranging from June to September. The topography

is characterized by hills with plains. The vegetation is

composed of mixed pine-oak forests, low deciduous forests,

pastures, and seasonal agriculture (Olvera-Viascán et al.,

1998). The body of water has an approximate surface of

18.55 km2, a maximum depth of 38.6 m (average of 21 m)

and an average volume of 391 million m3 (Monroy, 2004).

This is classified as a warm monomictic dam, stratified from

April to October, and well mixed from November to February

(Ramírez-Zierold et al., 2010). This dam receives water from

the tributaries Amanalco, Molino, Santa Mónica, González,

and El Carrizal rivers, as well as from the Tizates river that

collects wastewaters from irregular settlements around the

reservoir; from these the Amanalco and Tizates rivers are the

FIGURE 1
General location of Valle de Bravo dam, Mexico, and geographic distribution of the six sampling sites (1–6) across the reservoir.
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major contributors of pollutants to the dam (Olvera 1992;

Banderas and González-Villela, 2019).

Six sampling locations were selected to represent the main

conditions prevalent in this waterbody, as well as the influence of

the tributaries and the population established in the locality

(Figure 1). Site #1 is closest to the curtain of the reservoir

where the maximum depth is located, while site #2 is

approximately at the central point of the reservoir. Site #3 is

in the shallower part of the dam and receive waters from the Rio

Amanalco, including agricultural discharges from the upper part

of the stream. Site #4 is influenced by waters of the rivers Carrizal

and González. Site #5 is the closest to the urban area of Valle de

Bravo and receives discharges from the urban area and from the

tourism facilities. Finally, site #6 is influenced by inputs from the

rivers Santa Monica and El Molino.

Sample collections

Sample collection was carried out monthly in 2019, at the six

sites in the reservoir (Figure 1).

Duplicate water samples for metals and total microcystin

analysis were collected, processed, and stored as detailed in

Supplementary Table S1; these analysis were carried out by

the Université de Montreal (UdeM), Canada and

collaborators. Water samples for the determination of

dissolved microcystins were vacuum filtered in situ, using

GHP 0.45 µm filters; biomass retained in filter were processed

for the determination of intracellular microcystins; the sum of

that determined in the filtrated water and in biomass provided

the total concentration of microcystins. The samples were kept

at −70°C ultra-frozen in a cooler with dry ice and periodically

shipped to UdeM. Single water samples for other chemical

determinations (see below) were collected and stored in a cooler.

Phytoplankton samples were obtained at each site by filtering

50 L of surface water using a phytoplankton net (25 µm mesh

size). These samples were preserved with 1% acidic Lugol

solution and were kept protected from light exposure

(Supplementary Table S1).

Water quality parameters

Abiotic variables were measured in situ at the water surface

and subsurface (1 m depth) with a Hanna® (HI9829)

multiparametric probe, including water temperature (°C), pH,

conductivity (μS cm−1), salinity (ups), total dissolved solids (TDS,

mg L−1), dissolved oxygen (DO, mg L−1), oxidation-reduction

potential (ORP, mV), and turbidity (NTU). The transparency

was measured with a Secchi disk (cm). The other environmental

parameters recorded were air temperature (°C), barometric

pressure (mm Hg), relative humidity (%), wind speed (Km

h−1) and direction, cloudiness, and UV radiation. Dam water

level (hm3) and precipitation data (mm) were collected from the

webpages belonging to the National Water Information System

and the National Meteorological Service, respectively (National

Water Information System, 2020; National Weather Service,

2020). In situ measurements of chlorophyll concentrations (μg

L−1) and phycocyanin (μg L−1) were recorded using fluorometry

(AlgaeTorch®).
In the laboratory, the concentration of total and dissolved

nitrogen (DN), nitrates, nitrites, ammonium, total and dissolved

phosphorus (DP), soluble reactive phosphorus (SRP), total and

dissolved organic carbon, hardness, and chloride (all in mg L−1)

were determined spectrophotometrically by HACH® (HACH

DR-6000).

Trace metals and metalloids

Concentrations of the following metals and metalloids (μg

L−1) were measured in surface water: aluminum (Al), barium

(Ba), cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu),

iron (Fe), magnesium (Mg), manganese (Mn), molybdenum

(Mo), nickel (Ni), zinc (Zn), potassium (K), and sodium (Na).

Water samples (125 ml) were collected in HDPE bottles,

supplemented with 2% nitric acid (HNO3), transported, and

stored at room temperature prior ICP-MS analysis. Total

extractable metals were analyzed using standardized

procedures by Bureau Veritas Laboratories (Mississauga and

Montreal, Canada) accredited to ISO/IEC 17025:2005 using

standardized procedures (reference EPA 60208 m).

Total microcystins

Surface water samples were analyzed for total microcystins

(ΣMC) via a Lemieux-von Rudloff oxidation, which generates 2-

methyl-3-methoxy-4-phenylbutyric acid (MMPB) from

oxidative cleavage of most microcystins (Wu et al., 2009). As

standards for individual microcystins are available to only a small

fraction of the microcystins, analysis of total microcystins may be

more suitable to capture the entirety of microcystins in the

samples, even though not all microcystins would form

MMPB. Details on analytical method optimization and

validation are provided elsewhere (Munoz et al., 2017).

Surface water samples were supplemented with potassium

permanganate (50 mM) and sodium periodate (50 mM) and

adjusted to pH 9 with potassium carbonate. After magnetic

stirring for 1 h, the oxidation reaction was quenched with

sodium bisulfite. A 1-ml aliquot was analyzed by on-line

solid-phase extraction (on-line SPE) coupled to ultra-high-

performance liquid chromatography tandem mass

spectrometry (Thermo TSQ Quantiva UHPLC-MS/MS). The

deuterated isotopologue D3-MMPB was used as the internal

standard. The method limit of detection was 0.005 μg L−1 ΣMC.
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Matrix-matched calibration curves were constructed in MC-free

lake surface water and used for quantification, with suitable

linearity performance (R2 > 0.99). Matrix spikes were run in

each LC-MS/MS batch sequence and were required to fall

within ± 30% of the true value. Participation in a recreational

water interlaboratory proficiency study (Abraxis/Eurofins) also

attested to the accuracy performance, with ΣMC within ± 30% of

the consensus value.

Phytoplanktonic diversity and biovolume

The taxonomic identification was performed by microscopic

analysis with an Olympus CKX53 phase contrast microscope

directly in the Lugol-preserved samples. Microphotographs were

obtained and the CellSens software (Olympus®) was used for

morphological analysis and dimension assessment. The

identification was carried out at the lowest possible taxonomic

level using morphological criteria and based on specialized

literature (Komárek and Fott, 1983; Krammer and Lange-

Bertalot, 1988; Komárek and Anagnostidis, 1999; Komárek and

Anagnostidis, 2005; Komárek and Komárkova, 2006; Taylor et al.,

2007; Komárek and Zapomelová, 2007; Komárek and Zapomelová,

2008; Bellinger and Sigee, 2010; Komárek et al., 2013; Moestrup and

Calado, 2018). For the dominant taxa, the geometric biovolume was

determined as proposed by Hillebrand et al. (1999) using the

software ImageJ 1.53 K with Java 1.8.0_172 (64 bits). The specific

biovolume was multiplied by the number of organisms quantified

according to themethod of Lackey drop ormicro-transects methods

(American Public Health Association (Apha), 1999) to obtain the

total biovolume by species identified at each sampling point.

Water quality index (Phytoplankton
Community Index)

The ecological condition regarding the water quality

determined by the phytoplankton community and the

dominance in biovolume of the main groups, was

established using the Phytoplankton Community Index

(PhyCOI) (Katsiapi et al., 2016). The PhyCOI was

calculated as follows:

PhyCOI � TB +WG +NB +NS + QG

TB = Total Biovolume of phytoplankton, according to

Phillips et al. (2013).

WG = World Health Organization Guidelines, according to

Bartram et al. (1999).

NB = Nygaard Biomass (Biovolume) Index (Katsiapi et al.,

2016).

NS = Nygaard Species Index (Nygaard, 1949).

Both Nygaard Indexes were calculated as follows:

NB orNS � Cyanobacteria + Chlorophyta + Euglenophyta
Chrisophyta + Desmidiaceae

QG = Number of species in each quality group, determined

with the equation:

QG � (5 xChrisophyta) + (2 xDesmidiaceae) + Dinof lagelate

+ Chyptophyta + Diatoms

According to the PhyCOI index, the water quality in the

studied waterbody can be classified as: Very Poor (0.7–1), Poor

(>1–2), Regular (>2–3), Good (>3–4), or Excellent (>4–5).

Statistical analyses

All abiotic variables were subjected first to a correlation

analysis to eliminate those with co-linearity. Principal

component analysis (PCA) was performed, selecting only

variables that had a communality (common variance) greater

than 0.5, which resulted in the selection of 20 abiotic variables for

the PCA. Biological and ecological variables such as specific

richness (S), biovolume (mm3 L−1), Shannon’s exponential

[Exp(H′)], Simpson’s inverse (1/D) and Pielou equity (J′) were
calculated with the R Studio software (R Core Team, 2021) using

the vegan R package (Oksanen et al., 2020). To elucidate

temporal changes in biological variables, Kruskal–Wallis

analyses were performed with multiple post-hoc comparisons

using the R-package agricolae (de Mendiburu and Yassen, 2020).

The canonical correspondence analysis (CCA) was developed

with the PAST version 4 program (Hammer et al., 2001).

Correlations between biotic and abiotic variables were

investigated with the R-package correlation (Makowski et al.,

2019). The Phytoplanktonic Community Index (PhyCOI) was

calculated for each sample and the water quality was compared

among months by conducting a Kruskal–Wallis test and post-

hoc multiple comparisons.

Results

Water quality parameters

Figure 2 shows the physicochemical parameters measured

across the six sampling sites throughout the year. Water

temperature, turbidity, TDS, conductivity, and pH had the

highest values during the stratification season (February to

October). The average water temperature in the reservoir was

22.0 ± 0.2°C, with an average low of 18.8°C in February and a high

of 24.7°C in July and August. The rainfall season ranged from July

to October, with a high of 207.4 mm in July. Water temperature

and rainfall are environmental factors that responded directly to

regional seasonality in this subtropical location. Dissolved
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nitrogen, nitrates, ammonium, TP, DP, and SRP in general have

low values during the stratification season (coincident with the

reduction in the water level) and increased during the mixing

period. Variations in the water level are related to the

management of the reservoir by the National Water

Commission (CONAGUA), the entity responsible for the

management and regulation of Mexico’s water resources.

Redox potential decreased continuously from January to

November, coincidently with the stratification period.

As shown in Figure 2, variations along the year were recorded

and differences among sampling points were observed for most

parameters. Increases in pH values could be related to the

phytoplankton growth during the peaks of primary

productivity through the consumption of HCO3
−1 (as C

FIGURE 2
Monthly variations in chemical water quality, environmental factors, and water level in Valle de Bravo dam during 2019. Values in each station
and average (solid line) except for pluvial precipitation and water level in the dam. Color legend represents the site number.
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source). Dissolved oxygen, COD, DOC, and TOC followed no

consistent patterns along the year. Secchi disk transparency was

always lower than 2 m, except for December when values higher

than 3 m were observed; this low transparency was related with

high phytoplankton biomass abundance, typical of the eutrophic

condition in this dam.

Total N and P, as well as some readily usable forms of these

nutrients were higher during the first 4 months of the year and

FIGURE 3
Monthly variation inmetals andmetalloidsmeasured in six sampling sites in Valle de Bravo dam during 2019. Values in each sampling station and
average value (solid line). Color legend represents the site number.
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could be the responsible for the high primary productivity

observed during the warm months.

Trace metals and metalloids

Variation of concentration of micronutrients and non-

essential metals along the year are shown in Figure 3. The

concentration of nutrients such as K, Mg, Mn, Cu, and Fe

varied along the year without any regular pattern; Zn was

only detected in 3 months probably because this metal was

caught and retained by phytoplankton. Non-essential metals

such as aluminum increased in concentration from June to

November (average 85 ± 10 μg L−1) coinciding with the lowest

N and P concentrations (Figure 2). Potentially toxic

concentrations of essential metals, such as Cu (0.58 ±

0.15 μg L−1), and the non-essential Al were recorded between

March and October, although the values did not exceed the

maximum permissible limits set out in the Mexican guideline

NOM-001-SEMARNAT-1996 (4 mg L−1) (Ministry of the

Environment and Natural Resources (Semarnat), 1996).

Total microcystins

Total microcystins (∑MC, MMPB oxidation method) were

detected in all samples, with a concentration range of

1.5–71 μg L−1 (overall average: 11 μg L−1; median: 5.2 μg L−1). A

marked seasonality was observed (Figure 4), as the highest

microcystin production and highest biovolume occurred in

the stratification season months.

The sum of MC (∑MC) was low in winter months

(2–3 μg L−1) and increased significantly starting in May (5.1 ±

3.4 μg L−1) (Figure 4). The highest mean concentration (and

higher variance) was observed in the summer months

(20–35 μg L−1 and decreased again by October (9.8 ±

1.5 μg L−1). The highest punctual concentration was observed

in August (71 μg L−1) and the minimum in February (1.5 μg L−1).

The maximum observed∑MC at 71 μg L−1 is considerably higher

than existing guidelines for drinking water (0.3–1.6 μg L−1) or for

recreational activities (20 μg L−1).

Phytoplanktonic diversity and biovolume

We identified in total 75 phytoplankton species in the Valle

de Bravo reservoir belonging to the Divisions Chlorophyta (24),

Cyanobacteria (20), Bacillariophyta (13), Charophyta (6),

Miozoa (5), Cryptophyta (3), Euglenozoa (2) and Ochrophyta

(2). The total biovolume consisted mainly of cyanobacteria

(6,766.59 mm3 L−1) while Charophyta (18.94 mm3 L−1),

Bacillariophyta (17.12 mm3 L−1), Miozoa (8.46 mm3 L−1) and

Chlorophyta (2.71 mm3 L−1) had lower biovolumes.

Euglenozoa, Ochrophyta and Cryptophyta were the Divisions

with minor contribution to the total biovolume (Figure 5). All the

identified phytoplankton species and the specific determined

biovolumes are shown in Supplementary Table S2.

Regarding biovolume, cyanobacteria were the most abundant

taxa in the phytoplankton community during 2019. The

18 cyanobacteria species with the highest biovolumes are

shown in order from the highest to the lowest total values in

Figure 6. The cyanobacterium with the highest biovolume wasM.

smithii, being the dominant species from August to September

(995.9 mm3 L−1 in August). From August to November M

aeruginosa had the highest biovolumes, ranging from 299 to

341 mm3 L−1), whereas M. wesenbergii had the highest

biovolumes values in January (351.3 mm3 L−1) and October

(297 mm3 L−1). The presence of Microcystis was, in general,

minor from January to May and in December (Figure 6).

Filamentous cyanobacteria had a lower presence in the

phytoplankton community, but some peaks of

Dolichospermum species were observed in the middle of the

year. All the species of Microcystis, including those that flourish

during the mixing season, had an increase from May to October,

with the highest biovolumes in August and September.

Aphanocapsa planctonica had its maximum biovolume in

September. We note the high contribution to biovolume of M.

smithii during the thermocline. The highest biovolume of

Woronichinia karelica was recorded in July (10.78 mm3 L−1).

W. naegeliana displayed four peaks with the highest in

February (3.67 mm3 L−1). Coccoids (Chroococcales) had higher

biovolumes than filamentous cyanobacteria (Nostocales and

Oscillatoriales). Nevertheless, biovolume data indicate that the

Valle de Bravo dam had a circannual permanent cyanobacterial

bloom that was dominated by different species with Microcystis

being the dominant genus.

FIGURE 4
Boxplot graphs for the total microcystin concentrations
(∑MC, μg L−1) recorded in six sampling points in Valle de Bravo’s
reservoir during 2019. Kruskal-Wallis test and multiple
comparisons; different letters indicate significant differences
(p < 0.05).
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Throughout the year, the specific richness decreased reaching

its lowest value in May; from July to December, it was roughly

constant, coinciding with the stratification season (Figure 7A),

with the lowest observed value in August (24 ± 1 species),

increasing again in the mixing period, registering the

maximum richness in December (41 ± 1). In contrast, the

biovolume had an inverse behavior (Figure 7B increasing

throughout the year with a peak in August (265 ±

37 mm3 L−1) and a minimum of 5.7 ± 1.0 mm3 L−1 in

December. In all months, Except for December, the

biovolume exceed the WHO alert level two (Chorus and

Welker, 2021).

The two diversity indices (Shannon’s exponential Exp(H’)

and Simpson’s inverse 1/D), and Pielou’s equity (J’) exhibited

similar variations (Figures 7C–E), with a maximum in May

(Exp(H") = 7.21 ± 0.33; 1/D = 5.57 ± 0.36; J’ = 0.63 ± 0.01),

decreasing afterwards to increase again in December (D1 = 7.66 ±

0.43; D2 = 4.98 ± 0.41; J’ = 0.55 ± 0.02). The phycocyanin level (a

proxy for cyanobacteria presence) was higher during most of the

stratification season and lower during the mixing season; the

lowest value was recorded in December (max. = 5.05 μg L−1)

(Figure 7F). A mix of genus (mainly Microcystis, Woronichinia,

Limnoraphis, and Dolichospermum) were responsible for these

blooms with a lower richness in the stratification period.

A first canonical correspondence analysis (CCA) was

performed that included biological and ecological factors

(richness, biovolume, Shannon’s exponential, Simpson’s

inverse, Pielou’s equity, phycocyanin, and the biovolume

contributed by each of the ten most abundant species), and

20 abiotic variables (Supplementary Table S3). CCA explored the

monthly behavior of biological variables with respect to abiotic

factors (Figure 8); the first axis explained 43.1% and the second

axis 29.6% of the total variation. From January to April, and

December 2019, values of richness, equity, Shannon’s diversity,

and Simpson’s inverse, were higher than in the rest of the year

and were associated with factors such as water level, chlorides,

nitrates, Mg, SRP, ammonium and hardness; Woronichinia

naegeliana, W. karelica, Limnoraphis birgei and

Dolichospermum planctonicum were the related cyanobacterial

species, although at lower biovolumes than Chroococcales. From

May to July, the concentration of phycocyanin was the highest

and was positively related to metals such as zinc and copper. The

remaining months (August to November) were influenced by

variables such as precipitation and temperature and were

associated with higher biovolume of Microcystis species (M.

aeruginosa, M. flos-aquae, M. smithii, M. viridis and M.

wesenbergii) and Aphanocapsa planctonica. Total dissolved

solids, pH, dissolved organic carbon, total microcystins and

dissolved oxygen increased along a big cell proliferation, and

this phenomenon was also positively associated with higher

concentrations of potassium iron, and aluminum.

The second canonical correspondence analysis

(Supplementary Table S4) explains 71.3% of the total variation

(Figure 9), and total microcystins were found to be closely related

FIGURE 5
Total biovolume (A) (mm3 L−1) and specific richness (B) of the main division identified in the phytoplankton community of the Valle de Bravo
reservoir during 2019.
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FIGURE 6
Monthly variations (year of 2019) in the cyanobacterial specific biovolume (mm3 L−1) in Valle de Bravo’s reservoir for the 18 phytoplankton
species with the highest total biovolume values in the different sampling points, arranged in decreasing sequence (left to right, up to down). The
continuous black lines represent the average values recorded in each month. Color legend represents the site number.
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to abiotic variables such as rainfall, total dissolved solids, air and

water temperature, aluminum, iron, and dissolved organic

carbon. The highest concentration of cyanotoxins was

recorded from July to September, associated with the

proliferation of potentially toxigenic species such as

Microcystis (M. flos-aquae, M. smithii, M. viridis),

Dolichospermum (D. cf. crassum and D. cf. flos-aquae) and

Aphanocapsa planctonica. Pseudanabaena mucicola is

endogloeic in Microcystis and it is also associated with the

season of higher cyanotoxin production. Variables such as

water level, nutrients (N, P, and manganese), dissolved

oxygen, chloride and lead were inversely correlated with

cyanotoxin synthesis, whose minimum concentrations were

recorded in the mixing season in the reservoir—associated

with species of the genera Snowella, Limnococcus,

Merismopedia, Aphanizomenon and M. wesenbergii (non-

FIGURE 7
Boxplot graphs for phytoplankton diversity patterns in each month along 2019. (A) Species richness (S); (B) Biovolume (mm 3 L−1); (C) Shannon
exponential index (Exp(H′)); (D) Simpson inverse (1/D); (E) Pielou’s evenness (J′); (F) Phycocyanin concentration (μg L−1). Kruskal Wallis test and
multiple comparisons (p < 0.05).
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FIGURE 8
CCA triplot of diversity index, phycocyanin, and specific biovolume regarding abiotic variables and total microcystins in Valle de Bravo’s dam.
Months are in red font, diversity index and phycocyanin concentrations in black font, abiotic features in blue font, and cyanobacterial species in
italicized black font.

FIGURE 9
CCA triplot for total microcystins and all cyanobacterial species regarding abiotic variables in Valle de Bravo’s reservoir. Months are displayed in
red font, cyanotoxins in black font, species in italicized black font, and abiotic features in blue font. The first axis explains 41.9% and the second axis
29.3% of the total variation.
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toxigenic), and M. aeruginosa (potentially toxigenic).

Cyanobacteria that proliferated from March to May (such as

Limnoraphis, Planktothrix, Woronichinia and Dolichospermum,

Supplementary Table S4) do not seem to correlate with total

microcystins.

Regarding the correlation analysis (Supplementary Table

S5), the variables that positively influenced the specific

richness inversely correlated with the biovolume and the

phycocyanin concentration (water level, hardness, chloride,

nitrates, ammonium and SRP). Additionally, the factors that

correlate negatively with species richness are those that do so

directly with the biovolume and the phycocyanin

concentration (water temperature, pH, total dissolved

solids, precipitation, dissolved oxygen, aluminum, iron, and

total microcystins). The biovolume and the phycocyanin

concentration were also positively related to potassium.

Species richness was inversely related to the dissolved

organic carbon, and directly related to hardness. The

Shannon diversity index Exp (H’) was significantly

correlated with hardness and ammonium, and inversely

correlated with precipitation and dissolved oxygen. The

inverse of Simpson’s Diversity was correlated to water

hardness. Pielou’s evenness had an inverse correlation with

nitrates and manganese, and was positively correlated to water

temperature, pH, and hardness. Regarding total microcystins,

this was negatively correlated with species richness but

positively correlated with biovolume and phycocyanin

concentration; this confirms that the synthesis and release

of these toxins happens when the biovolume of cyanobacteria

is high (confirmed with the high PC content) and associated

with a reduced number of species.

Water quality index (PhyCOI)

The PhyCOI values, calculated as described previously, are

shown in Figure 10. According to these determinations, water

quality in Valle de Bravo dam fluctuated from very poor to poor

in 10 months of the year and was moderate in April. December

was the only month with good water quality (PhyCOI = 3.10 ±

0.10), this condition coinciding with the beginning of mixing

season. The PhyCOI values were higher during the mixing season

than in the stratification season, but water quality is classified has

poor most of the year, except for December, when the highest

PhyCOI value was determined. The lowest PhyCOI value was

found in September (0.73 ± 0.02). Combining these results with

the microcystins information, most of the months during the

stratification season had the worst water quality and the risk to

aquatic biota wellness and human health by exposure to

cyanotoxins.

Discussion

Phytoplankton community and the main environmental

factors related to water quality in Valle de Bravo varied

throughout the year, influenced mainly by climatic conditions

(Figure 2). The increase in ambient temperature during the

FIGURE 10
PhyCOI values and water quality classification based on the analysis of the phytoplankton community determined monthly in six sampling
points during the year 2019 in Valle de Bravo dam. Average values are included with bars for standard error. Significant differences, after ANOVA and
Kruskall-Wallis post hoc tests, are denoted by different letters in each column (p < 0.05).
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summer months causes the thermal stratification of the water

column. This implies the formation of water layers differentiated

by their density. The Valle de Bravo reservoir is known to behave

as a warm monomictic lake with mixing in winter (Merino-

Ibarra et al., 2008). Nutrient concentrations and oxide reduction

potential were higher in the 1 months of the year, coinciding with

the mixing period that allows nutrients trapped in the

hypolimnion to be resuspended into the water column and

that can contribute to the increase in the phytoplankton

biomass during the stratification months (Carnero-Bravo

et al., 2015). Hence, the stratification season (the warmest

months) also coincides with the development of

cyanobacterial blooms. The water level in the reservoir, which

is controlled by the National Water Commission (CONAGUA),

was lower in the stratification season because it also coincides

with rainfall and therefore increases the flow of water out of the

reservoir to satisfy drinking water requirements in the Cutzamala

System and to prevent flooding events. The higher amount of

mineral nutrients recorded in January–April and December

2019, is partly attributed to internal nutrient recovery during

mixing but it is also exacerbated by the introduction of

agrochemical pollutants, fertilizers, and wastewaters

containing excreta and detergents contributed mainly by the

Amanalco River, the local market, and land urbanization

(Ramírez-Zierold et al., 2010). These conditions increased the

total dissolved solids in the summer, also contributing to the

reduction in the water level in the dam.

Physicochemical conditions in water varied during the study

period. Dissolved oxygen was related to cyanobacterial growth

owing to their oxygenic autotrophic metabolism during daylight

hours (Paerl et al., 2001); however, upon senescence and death of

this biomass this can generate a large amount of organic matter.

This organic matter increases total organic carbon and

biochemical oxygen demand through bacterial degradation,

thus reducing available dissolved oxygen mainly in the bottom

and during nighttime hours. Results for essential and non-

essential metals, none of the trace elements included in the

Mexican guideline NOM-001-SEMARNAT-1996 exceeds the

maximum permissible limits for any type of water use or for

the conservation of water resources (4–6 mg L−1). Wu et al.

(2017) report toxic effects of copper on cyanobacteria at

concentrations greater than 0.1 mg L−1; but as copper

concentrations in the present study are lower, they could

rather serve as essential micronutrients. Nevertheless,

aluminum concentrations increased during the stratification

season and were positively correlated to the total MCs

concentrations in this period; this is a non-essential metal that

could produce toxicity in sensitive phytoplankton species, other

than cyanobacteria (Hornstrom et al., 1995; Gensemer and

Playle, 1999; Jančula and Maršalek. 2011). Organic matter

produced during the summer blooms or carried by rain and

currents from the watershed, sinks to the hypolimnion during the

stratification. After bacterial transformation, this organic matter

is recovered as nutrients that move from the deeper layer to the

epilimnion during mixing and promote the growth of eukaryotic

phytoplankton in addition to Cyanobacteria.

Ecological indicators such as diversity and abundance in the

phytoplankton community, biovolume of dominant species, and

total biovolume are closely associated with trophic status in lentic

water bodies. In this study, 75 phytoplanktonic species were

identified, mostly belonging to the Divisions Cyanobacteria,

Chlorophyta and Bacillariophyta; these are frequent

phytoplanktonic groups in inland waters (Bellinger and Sigee,

2010). The number of species here identified is higher than that

reported by Gaytán-Herrera et al. (2011) (68 species), but lower

than the value determined by Valeriano-Riveros et al. (2014),

who identified 103 species.

Gaytán-Herrera et al. (2011) reported monthly homogeneity

in the phytoplankton and environmental factors in the five

sampling points they studied in the Valle de Bravo dam, but

they found seasonal differences along the year. Opposite to this,

in our study we determined that many of the environmental and

physicochemical factors vary not only varying seasonally but also

varied among sampling sites in each month, more clearly

observed for nutrients (N and P), Secchi disk transparency,

and ORP, as well as micronutrients (Figures 2, 3). These

variations were associated to differences both in species

richness and biovolume among sampling sites each month.

The three most diverse Divisions they determined were

Chlorophyceae (30 species), Cyanobacteria (12 species) and

Bacillariophyceae (10 species). They mention that the highest

density occurs at the beginning (April) and end of the

stratification season (October), and was mainly represented by

the species Microcystis botrys, M. flos-aquae, M. wesenbergii,

Mougeotia sp. and Snowella septentrionalis. In particular, the

difference in the number of cyanobacteria that they reported (12)

with the 20 reported here is notable; it is worth noting the case of

some species of Microcystis and other genera of cyanobacteria

that were not recorded in that study.

Valeriano-Riveros et al. (2014) carried out a study during

24 months in a single sampling site located near the pier and the

town of Vale de Bravo (close to our sampling point five),

collecting phytoplankton samples at a depth of 4 m. These

authors reported a total of 34 Chlorophyceae,

26 Cyanobacteria and 13 Bacillariophyceae as the dominant

Divisions, in comparison with the 24 Chlorophyceae and

20 Cyanobacteria we identified (for Bacillariophyceae we also

identified 13 species). They determined that the total biomass

increases in the stratification season and decreases in the mixing

period. No comparison for the total taxa is possible because they

did not report the complete list of species but only the dominants.

Regarding the biovolume, Valeriano-Riveros et al. (2014)

reported that Woronichinia naegeliana and Microcystis

wesenbergii were the dominant cyanobacteria during this

season. In our study M. smithi, M. aeruginosa and M. viridis

were dominant during stratification months, while M.
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wesenbergii reached the highest values at the end of stratification

and had the highest values just before the start of stratification in

some sampling points (Figure 6).

Alillo-Sánchez et al. (2014) detected 18 species of

cyanobacteria, and the maximum richness was recorded in the

warm season, before the rains, and was represented by the orders

Nostocales and Oscillatoriales, subsequently dominating species

of the order Chroococcales, with M. wesenbergii the species that

contributed most to the biovolume.

On the other hand, Ramírez-García and Chicalote-Castillo

(2020) report that the relative abundance of species in Valle de

Bravo is dominated by cyanobacteria, with Microcystis

biovolume greater than 3,000 mm3 L−1 in the rainy season,

relating the predominance of cyanobacteria with parameters

such as temperature, pH, transparency, turbidity and

concentration of phosphates and nitrates.

Predominant cyanobacterial species not only vary at the

seasonal scale in Valle de Bravo reservoir, but they can also

fluctuate at annual/decadal time scales—though certain species

are commonly identified throughout the years. Back in 2000,

the species that contributed most to phytoplankton abundance

were Microcystis spp, Snowella septentrionalis, Merismopedia

trolleri, and Mougeotia sp. (Gaytán-Herrera et al., 2011). In

2008 and 2009, abundant species included M. trolleri,

Aphanothece sp, M. wesenbergii, M. aeruginosa, W.

naegeliana, S. septentrionalis and Dactylococcopsis

sp. (Valeriano-Riveros et al., 2014). A 2010 study reported

the predominance of D. planctonicum, D. aff. vigueri, P.

agardhii, M. wesenbergii, W. naegeliana, Pseudanabaena

mucicola and Limnoraphis birgei (Alillo-Sánchez et al.,

2014). Similarly, in 2017, the dominant phytoplanktonic

species were P. agardhii, Aphanocapsa planctonica,

Aphanizomenon yezoense, M. aeruginosa, M. wesenbergii, W.

naegeliana, Pseudanabaena mucicola, and L. birgei (Nandini

et al., 2019; Ramírez-García and Chicalote-Castillo 2020).

Although similar species were found in the present study,

the 10 cyanobacteria that contributed most to the biovolume

as of 2019 (our study) were M. smithii, M. aeruginosa, M.

wesenbergii,M. viridis,Woronichinia karelica, L. birgei,M. flos-

aquae, Aphanocapsa planctonica, D. planctonicum, and W.

naegeliana (Figure 5). Nandini et al., 2008.

Although Chlorophyceae were the phytoplankters with

the highest number of species, their contribution to the

phytoplankton biovolume was one of the smallest,

coinciding with what was observed by Gaytán-Herrera

et al. (2011), and Valeriano-Riveros et al. (2014). In

general, the differences observed at different times in both

species richness and dominance of species may be due to the

management of water resources in this waterbody by the

CONAGUA. Variations in environmental conditions also

had influence, mainly related to the differences in the

period and intensity of the rains and the corresponding

runoffs of the main tributaries. What was constant is the

predominance in biovolume of cyanobacteria, regardless of

the dominant species.

The total number of species identified in Valle de Bravo

during 2019 was lower in the stratification season. This can be

related with the reduction of nutrients and the hydrodynamic

variations in the dam during and after the stratification (Monroy,

2004). The stability of the water column during stratification

contributes to the predominance of cyanobacteria, their

buoyancy being favored by intracellular aerotopes that enable

their ubication in the photosynthetically optimal zone in the

water column. They can thus be maintained at depths suitable for

photosynthesis and could interfere with the amount of light

reaching other phytoplankters that do not have similar strategies

(Olvera, 1996). The success of these adaptations is reflected in the

biovolume produced by the different phytoplankton Divisions,

with a clear predominance of cyanobacteria. The larger size of

Microcystis colonies compared with microalgae cells also

contribute to their predominance. Other competing

characteristics that cyanobacteria have include nitrogen

fixation in some species, the presence of accessory pigments

(phycobiliproteins), and mechanisms for carbon accumulation.

Their resistance to consumption by filter-feeding species is

another advantage (Ibelings et al., 2021), due to their growth

as colonies and filaments, and their low nutritional value. High

nutrient levels during mixing season, contributed to the

proliferation of cyanobacterial species mainly of the genera

Limnoraphis, Dolichospermum, and Woronichinia, which are

smaller than Microcystis colonies. Comparatively smaller

species (lacking aerotopes) do not form buoyant layers,

allowing other phytoplankters to proliferate thus leading to

higher indexes of diversity, specific richness, and equity in the

mixing season. From August to November the community was

dominated by different species of the genus Microcystis, which

predominately contributed to the high biovolumes. The specific

richness decreased gradually towards the stratification season

and increased in the mixture season, while the opposite was

observed for the biovolume, mainly due to the adaptations

presented by cyanobacteria, making them more competitive.

The latter is confirmed by the phycocyanin records and by

the seasonal dynamics of diversity and equity indices.

In the present study, specific richness was significantly

correlated with parameters such as the water level, chlorine,

nitrate, ammonium and SRP, while biovolume and phycocyanin

concentration were inversely related (Supplemental Table S5).

The water level was lower in the warm season due to CONAGUA

management, but also due to the increase in the potable water

demand and the evaporation rate. This can lead to decrease in the

concentration of nutrients that were rapidly consumed by

cyanobacteria, reducing the specific richness in the

stratification season. This reduction in the water level also

increased sediment resuspension in the shallower zones,

generating inorganic turbidity and decreasing the amount of

available light, resulting in a change in the phytoplankton
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community composition. Hardness positively influences specific

richness and negatively influences biovolume. The high

consumption of bicarbonate as the main C source during

cyanobacterial proliferation makes bicarbonate ions less

bioavailable to eukaryotic phytoplankters, related also with the

increase in pH and in the displacement in the dissolved CO2 in

water to carbonates, a non-assimilable C source for

phytoplankton. This also implies that, under mixed conditions

(higher hardness), there is a greater amount of carbon source as

bicarbonates, which is reflected in higher richness, diversity, and

equity indexes.

Despite the fact that the total biovolume was lower during the

mixing season (Figure 6, Supplementary Table S2) it remained

above the WHO alert level two for drinking (4 mm3 L−1) and

recreational water (8 mm3 L−1) for the whole year, indicating a

high potential risk to human health if the water would not be

adequately treated before consumption (Chorus andWelker, 2021).

Permanent cyanobacterial blooms were observed throughout

our annual monitoring study. The exponential growth of

cyanobacteria during the summer bloom season caused an

increase in pH due to the uptake of bicarbonate ions through

photosynthesis (Ibelings et al., 2021). Chemical oxygen demand

was highest in the cyanobacterial bloom season and at the end of

the bloom season, with an abrupt drop in August affecting

cyanobacterial growth (Kagalou et al., 2003). DOC was higher

due to the decomposition by bacterioplankton of the large

biomass accumulated during blooms, which is carried out

with consumption of dissolved oxygen (Lignell, 1990).

In addition to the nuisance caused by cyanobacterial blooms,

there are also potential health risks associated with the

production of cyanotoxins. Total microcystins were associated

with potentially toxic species of the genus Microcystis (M. flos-

aquae, M. smithii and M. viridis). The association of different

cyanobacteria can contribute to toxin synthesis. Paerl and Otten

(2013) mentioned that together the genera Aphanocapsa,

Dolichospermum, Microcystis and Pseudanabaena can

synthesize cyanotoxins. Toxins were likely produced by

species such as Aphanocapsa planctonica, Dolichospermum cf.

crassum,M. flos-aquae,M. smithii,M. viridis and Pseudanabaena

mucicola, which have been previously reported as toxigenic.

These cyanobacteria were recorded simultaneously in the

present study, and they had a strong association as suggested

by the canonical correspondence analysis (Figure 9).

The concentration of total microcystins was directly correlated

with variables such as hardness (sum of calcium and magnesium

ions). Gu et al. (2020) found that high concentrations of calcium can

contribute to the formation of cyanobacterial scums by promoting

exopolysaccharide (EPS) secretion, activating antioxidant enzymes,

inducing cell aggregation, and enhancing colony buoyancy. Total

microcystins were strongly associated with metals such as

aluminum (potentially toxic to cyanobacteria), iron (a

micronutrient that can be chelated by these molecules), and with

total dissolved solids, rainfall precipitation and temperature.

Throughout the year, microcystin synthesis was observed to be

enhanced in the warmest months (July–September) in Valle de

Bravo reservoir (Figure 4). Canadian lakes with high phytoplankton

biovolumes were also associated with high concentrations of MC-

LR (400 μg L−1 from July to September), N, and total P in the

summer season (Kotak and Zurawell, 2007). In Spanish reservoirs,

Carrasco et al. (2006) reported the highest values of microcystins in

September–November. Microcystin production was associated with

cyanobacteria of the orders Chroococcales, Nostocales and

Oscillatoriales, also with higher values in the warm months in

otherMediterranean reservoirs (Mariani et al., 2015). Forastier et al.

(2016) found that microcystin-LR production events occur in

cyanobacterial proliferation, mainly in the month of March (end

of summer) in Argentina.

TheWorld Health Organization established in 2020 provisional

guideline values (GVs) for MCs (lifetime drinking-water GV: 1 μg/

L; short term drinking-water GV: 12 μg/L; recreational water GV:

24 μg/L). The high levels of microcystins in surface water during the

bloom season raise concerns with respect to potential drinking

water exposure and were above the recreational water guideline

during the summer months (August–September). The cyanotoxin

contamination of other supply reservoirs within the Sistema

Cutzamala is largely unknown. In light of our findings, a

comprehensive assessment of cyanotoxins in raw and treated

drinking water sources serving the State of Mexico is warranted.

Water temperature, pH, total dissolved solids, precipitation,

dissolved oxygen, aluminum, iron, and cyanotoxins were

negatively correlated with the number of taxa encountered

and directly correlated with the biovolume and phycocyanin

concentration (Supplementary Table S5) so these conditions

could be identified as promoters of HCBs in Valle de Bravo

dam. Rainfall led to higher levels of total dissolved solids

(incorporated by runoff) and allochthonous compounds

(mainly agrochemicals, including chemical fertilizers) that

likely contribute to sustaining the cyanobacterial bloom

through the supply of limiting macronutrients.

Finally, the PhyCOI water quality index, based on the species

richness and the biovolume of the main phytoplanktonic groups,

indicates a very poor to poor water quality during most of the

stratification season, coinciding with the dominance of some

species of cyanobacteria, the highest values of cyanobacterial

biovolume, and the highest concentrations of total microcystins,

especially from May to October. These results must be

considered for the authority in charge of the management of

this reservoir to search for measures aimed to revert the trophic

status, control the runoff of agrochemicals and urban wastes

discharges in order to avoid risks for the use of this waterbody as

a source of drinking water. Also, it is important to warn people

about the risks for tourism, and for the development of

recreational and sport activities. Because the phytoplankton

richness and diversity can vary from year to year, a constant

monitoring of the water quality and the measuring of

microcystins is required for a safe use of this reservoir.
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Conclusion

In summary, Cyanobacteria were the largest contributor to

the biovolume, although the Chlorophyta division had the

largest number of taxa. Permanent blooms were observed

throughout the year; despite biomass concentrations that

were not uniform in all the dam surface, high cyanobacterial

biovolumes were always recorded, and mostly associated with a

prevalence of potentially toxigenic cyanobacteria. The

permanent eutrophic status of this drinking water reservoir

has not been previously reported in this magnitude.

Throughout the year, there was a predominance of species of

the genus Microcystis, although filamentous cyanobacteria of

the genera Limnoraphis and Dolichospermum, and colonial

ones such as Woronichinia and Aphanocapsa also proliferate

occasionally. In the stratification and biomass proliferation

season, Microcystis grows predominately, associated with

variables such as temperature (ambient and water),

precipitation, total dissolved solids, dissolved oxygen,

dissolved organic carbon, total microcystins and metals.

Microcystins concentrations reach levels of concerns from

May to November, coinciding with the stratification season.

Overall, according to the PhyCOI index, water quality in Valle

de Bravo fluctuates from very poor to poor, and was good only

in 1 month during the mixing season (December); a clear

abatement was observed from March-April to November, the

months of highest cyanobacterial proliferation. The high levels

of microcystins during the bloom season raise concerns as

regards potential drinking water exposure and require a

follow-up monitoring of treated water produced from the

reservoir. The microcystin levels in the bloom season are

also of concern for recreational usage of this reservoir.
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